CF 3 I is a potential SF 6 alternative gas. In order to study the insulation properties and synergistic effects of CF 3 I/N 2 and CF 3 I/CO 2 gas mixtures, two-term approximate Boltzmann equations were used to obtain the ionization coefficient α, attachment coefficient η and the critical equivalent electrical field strength (E/N) cr . The results show that the (E/N) cr of CF 3 I gas at 300 K is 1.2 times that of SF 6 gas, and CF 3 I/N 2 and CF 3 I/CO 2 gas mixtures both have synergistic effect occurred. The synergistic effect coefficient of CF 3 I/CO 2 gas mixture was higher than that of CF 3 I/N 2 gas mixture. But the (E/N) cr of CF 3 I/N 2 is higher than that of CF 3 I/CO 2 under the same conditions. When the content of CF 3 I exceeds 20%, the (E/N) cr of CF 3 I/N 2 and CF 3 I/CO 2 gas mixture increase linearly with the increasing of CF 3 I gas content. The breakdown voltage of CF 3 I/N 2 gas mixture is also higher than that of CF 3 I/CO 2 gas mixture in slightly non-uniform electrical field under power frequency voltage, but the synergistic effect coefficients of the two gas mixtures are basically the same.
1. Introduction SF 6 gas has excellent insulation and arc extinguishing properties. It is widely used in gas-insulated transmission lines and gas-insulated switchgear [1] . However, SF 6 is a kind of strong greenhouse gas, its greenhouse effect is about 23 000 times than that of CO 2 gas. As early as 1997, the Kyoto Protocol had already assort SF 6 gas with CO 2 , CH 4 , N 2 O, hydrofluorocarbons, perfluoro as greenhouse gases and required to gradually reduce the use and emission of these greenhouse gases [2, 3] . In recent years, many researchers have proposed a number of SF 6 alternative gases and CF 3 I is one of promising candidates [4] [5] [6] .
CF 3 I gas is colorless, odorless, nearly non-toxic and incombustible. Its global warming potential is about 5, which is easily decomposed in the atmosphere and has a life expectancy of only about 2 d. It is considered as an ideal substitute to traditional refrigerant Freon. CF 3 I gas has strong insulation properties, its insulation strength is about 1.2 times of SF 6 gas in slightly non-uniform electrical field [7] [8] [9] . But liquefaction temperature of CF 3 I gas is high, about −22.5°C under normal temperature and pressure. The liquefaction temperature of CF 3 I is up to 25°C under 0.5 MPa which is the typical operating pressure for gas insulated electrical equipment. Therefore pure CF 3 I gas is not suitable for application in electrical equipment directly, buffer gas is needed to reduce the liquefaction temperature [10, 11] .
Because of the stable chemical properties and low liquefaction temperature of N 2 and CO 2 gas, CF 3 I/N 2 and CF 3 I/CO 2 gas mixtures have been widely researched. De Urquijo et al studied the microscopic parameters of the pure CF 3 I and CF 3 I/N 2 gas mixtures. The parameters such as the ionization coefficient α and the adhesion coefficient η of CF 3 I and CF 3 I/N 2 were obtained experimentally. The results also show that when the content of CF 3 I exceeds 70%, the electrical strength of gas mixtures is equivalent to that of SF 6 gas [12] . Li Xingwen et al calculated the insulation properties of CF 3 I mixtures with CF 4 , CO 2 , N 2 , O 2 and dry air by Boltzmann equation and compared with pure SF 6 gas. The calculated results show that the gas mixtures of CF 3 I/N 2 and CF 3 I/dry air has good insulation properties [13] . Zhang Chaohai et al studied a variety of ternary gas mixtures containing CF 3 I. The study found that the addition of N 2 or CO 2 in the ternary gas mixtures will result in a synergistic effect on the gas mixtures, and the CF 3 I/SF 6 gas mixtures will have a weak negative synergistic effect [14] . Synergistic effect is a special phenomenon that gas mixtures interact with each other. There are four types of synergistic effects: negative synergistic effect/Penning effect, linear relationship, synergistic effect and positive synergistic effect [15] . At present, there are few researches on the synergistic effect of CF 3 I gas mixtures. Therefore, the research on the synergistic effect of different CF 3 I gas mixtures can provide basic data to support the application of CF 3 I gas.
In this paper, the existing CF 3 I collision cross sections were corrected and the electron energy distribution function (EEDF) and transport parameters of CF 3 I/N 2 and CF 3 I/CO 2 gas mixtures at 300 K were calculated by using two approximate Boltzmann equations. Insulation characteristics and synergistic effects were analyzed and compared with the experimental data under slightly non-uniform electrical field, which provided support for the selection and application of buffer gas for CF 3 I gas.
Selection of collision section and calculation
In the discharge process of plasma, the velocity distribution function of electrons in the six-dimensional phase space obeys Boltzmann's equation:
where f is the velocity distribution function of the electron in the six-dimensional phase space and v, e and m denote electron velocity, quantity of electric charge and electronic mass, respectively. E is the electric field intensity and C[f (r, v, t)] represent the gradient of f in the electron collision process. BOLSIG+ software is used to solve the quadratic approximation Boltzmann equation. The Boltzmann equation for solving the electron transport parameters requires the gas collision cross section data as input. In the process of gas breakdown discharge, the collision of electrons and particles plays a major role. Therefore, only the collision section used is considered. For CF 3 I gas, it mainly includes momentum transfer collision section, ionization collision section, attachment section and excitation collision section. Assuming that all particles are in the ground state, regardless of the excited state and the kinetic energy of the two electrons is equal after collision ionization.
In recent years, some scholars have enriched and improved the collision cross section of CF 3 I gas through experimental measurements or theoretical calculations [16] . Figure 1 is the cross section data of CF 3 I taken into consideration and figure 2 shows the comparison between the effective ionization coefficient calculated by the Boltzmann equation and the existing experimental results which using the pulsed townson (PT) method and steady state townson (SST) method. The PT data in figure 2 was measured in 2007 by De Urquijo et al Mexico in [12] . SST experimental data were measured by the Japanese Hasegawa et al in 2009 in [17] . It can be seen from figure 2 that the calculation results in this paper are basically consistent with the existing experimental results. Therefore, under the selected collision cross section data and calculation methods, the microscopic discharge parameters of CF 3 I gas can be more accurately solved by the Boltzmann equation. The collision cross sections of N 2 and CO 2 gas used in the calculation are all from the database [18] . 3. The electron transport parameters of CF 3 I gas mixtures 3.1. The EEDF of CF 3 I gas mixtures When E/N=300 Td, the EEDF of CF 3 I/N 2 and CF 3 I/CO 2 gas mixtures with CF 3 I content from 10% to 90% is shown in figure 3 . It can be seen from the figure that as the content of CF 3 I gas increases, the number of electrons in the low-energy region increased but the number of high-energy electrons decreased. This is mainly due to the fact that CF 3 I is kind of strong electronegative gas, when CF 3 I gas content increases, larger amount of electrons were adsorbed and accumulated in the low-energy region. The EEDF of CF 3 I/N 2 and CF 3 I/CO 2 gas mixtures with the same CF 3 I content (10%, 50% and 90%) are shown in figure 4 . It can be seen that when CF 3 I content is 10%, the EEDF of the two gas mixtures are quite different. As the CF 3 I gas content increases, the differences of the EEDF curves of the two gas mixtures gradually decrease. When CF 3 I content is 90%, the EEDF of the two gas mixtures is basically the same. From the comparison of electron energy distributions of CF 3 I/N 2 and CF 3 I/CO 2 gas mixtures, it is also found that the electron energy distributions in the lowenergy region of CF 3 I/CO 2 gas mixtures are lower than the same the ratio of CF 3 I/N 2 gas mixture. That is why CF 3 I/CO 2 gas mixture can absorb more free electrons. The lower the CF 3 I gas content, the more obvious the difference between the two gas mixtures.
The equivalent effective ionization coefficient of CF 3 I gas mixtures
The effective equivalent ionization coefficient a = N a h -( ) N and other transport parameters can be obtained from the EEDF of gas mixtures. The relationship between a N and the equivalent field E/N of CF 3 I/N 2 and CF 3 I/CO 2 gas mixtures with CF 3 I content ranging from 10% to 100% is shown in figure 5 .
It can be seen from the figure that the a N of CF 3 I/N 2 and CF 3 I/CO 2 gas mixtures decreases with the increase of CF 3 I content. This is mainly due to the strong electronegativity of CF 3 I gas. Increasing the ratio of CF 3 I in gas mixtures can effectively reduce the α/N of the gas mixtures and increase the value of η/N, so that the adsorb electrons ability of gas mixtures gradually increase.
When the effective equivalent ionization coefficient a N =0, the equivalent electrical field strength E/N is the critical electrical field strength (E/N) cr . Figure 6 shows the relationship between (E/N) cr and the content of CF 3 I gas in CF 3 I/N 2 and CF 3 I/CO 2 gas mixtures. It can be seen from the figure that the (E/N) cr of pure CF 3 I gas is about 430 Td, while the existing research reveal that the (E/N) cr of pure SF 6 gas is 361 Td [19] , indicating that the dielectric strength of CF 3 I gas is better than that of SF 6 gas, and the dielectric strength of CF 3 I is 1.2 times that of SF 6 from theoretical calculations. The (E/N) cr of CF 3 I/N 2 gas mixtures is higher than that of CF 3 I/CO 2 , but the difference between the two gas mixtures gradually decreases as the proportion of CF 3 I gas increases. The dotted line in the figure shows the electric field strength of the gas mixtures calculated according to the critical electric field strength and its proportion of the single gas in the gas mixtures. It can be seen from the figure that the insulation strength of the two gas mixtures do not simply follow the linear changes of gas proportion, but has synergistic phenomenon occurred.
Synergistic effect of CF 3 I gas mixtures
The synergistic effect can be analyzed by the coefficient of synergistic effect, which is defined by the following formula:
where U mixture is the breakdown voltage of the gas mixture, U i is the breakdown voltage of the single gas in gas mixture under the same conditions, and k i is the proportion of the gas in the gas mixture. If C=0, then there is no synergistic effect on the gas mixtures. The breakdown voltage of the gas mixture is equal to the sum of the breakdown voltages of single gas in the gas mixtures, and if C>0, the breakdown voltage of the gas mixtures is greater than the sum of the weighted breakdown voltage of its component gas, that is, the breakdown voltage of the gas mixtures increases nonlinearly with the change of the gas content, showing synergistic effect. The larger the value of coefficient C, the more significant the synergistic effect. If C<0, indicating that the breakdown voltage of the gas mixture is lower than the sum of the weighted breakdown voltage of its components, the phenomenon called negative synergistic effect or Penning effect. It has been studied widely in the field of plasma application. The breakdown voltage of CF 3 I/N 2 and CF 3 I/CO 2 gas mixtures under power frequency voltage at 0.1 MPa is shown in figure 7 . The electrode used in the experiment is the sphereplane electrode, the distance between the electrodes is 10 mm, and the non-uniformity factor f of electric field is 1.137, which belongs to the slightly non-uniform electrical field.
It can be seen from figure 7 that the breakdown voltage of CF 3 I/N 2 and CF 3 I/CO 2 gas mixture increases with the increasing of CF 3 I gas content and both increase nonlinearly, that is, synergistic effect occurs. The breakdown voltage of the CF 3 I/N 2 gas mixture is higher than that of the CF 3 I/CO 2 mixtures under the same condition. The insulation characteristics of the two gas mixtures under power frequency voltage are consistent with those of the gas mixtures calculated by Boltzmann equation. The synergistic effect coefficients obtained from the breakdown voltage and (E/N) cr of the CF 3 I gas mixtures are shown in figure 8 .
It can be seen from figure 8 that the synergistic effect for CF 3 I/N 2 gas mixtures is most obvious when CF 3 I content is about 20% and for CF 3 I/CO 2 gas mixtures the content is about 30%. The maximum synergistic coefficient value of CF 3 I/CO 2 gas mixtures is slightly higher than CF 3 I/N 2 . The calculated results of CF 3 I/N 2 and CF 3 I/CO 2 gas mixtures in figure 8 are based on the (E/N) cr . The calculated results show that the synergistic effect of the two gas mixtures is quite different. The synergistic effect coefficient of CF 3 I/CO 2 gas mixtures is obviously greater than that of CF 3 I/N 2 gas mixture, but the maximum value occurrence of synergistic effect for the two mixtures is basically the same, the proportion of CF 3 I gas is both about 10%. Compared with the experimental results, the synergistic coefficient calculated according to (E/N) cr is obviously smaller and the CF 3 I proportion is also different when the synergistic effect is most significant. Since the theoretical calculation result is in uniform electric field, the actual experiment is carried out under a slightly non-uniform electric field, and the applied voltage, air pressure and gap distance may also affect the synergistic effect of the gas mixtures. Therefore, it is possible that the influence of the macro conditions on the gas mixtures makes the synergistic effect more remarkable. For different gas, macro influence factor coefficient may be tested and quantified and then added in the calculation process to promote the accuracy of the synergistic effect in gas mixtures.
Conclusions
(1) The critical electric field strength (E/N) cr of pure CF 3 I gas at 300 K is 430, which is higher than that of pure SF 6 gas. The insulation strength of CF 3 I calculated is about 1.2 times of SF 6 gas. (2) N 2 and CO 2 in CF 3 I/N 2 and CF 3 I/CO 2 gas mixtures can weaken the electron energy of the gas mixtures. The higher the content of the buffer gas, the more the low-energy electrons are distributed, which has a great relationship with the synergistic effect. (3) The synergistic effect coefficients of CF 3 I/N 2 and CF 3 I/CO 2 gas mixtures are obtained. The synergistic coefficient of CF 3 I/CO 2 gas mixtures calculated by (E/N) cr is higher than that of CF 3 I/N 2 . Compared with the breakdown voltage data, the calculated synergistic coefficients of the two gas mixtures are basically the same, which may be related to the external electric field and the electrode gap distance and other external conditions. The relationship between the synergistic coefficient C and the content of CF 3 I gas.
